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ABSTRAC? 


The post-acceleration technique of Low Energy Electron Diffraction 
has been used to exemine the three low index (100), (110), (111) crystal 
faces of platinum. The single crystal samples were subjected to ion 
bombardment, ultra-high vacuum anneal (p = Sxeloaee torr, 25 Ga fT < Tae 
and exposure to different gases (0, CO, Hy, CH,, C,H, , NH. N,)- The 
mieaises in the diffraction features of platinum were correlated to these 
treatments in an attempt to explain the appearance of new surface struc- 
eS . 

Several distinct sets of new diffraction vatterns were observed as 
emeriesioOn Of these different treatments. These were characterized oy 
the appearance of new periodicities in the diffraction pattern at well- 
@et2ned ranges of electron beam energy. 

A high temperature anneal (T > 1000°K) in ultra high vacuum will 
Beeraliily lead to the formation of a disordered, nighly unreactive struc- 
ture which is the same for ail tnree faces of pletinun. 

the specular intensity was measured as a function of beam voltage. 

Me Deoye temperatures which characverize tne mean displacement of 
the surface atoms pervendicular to the surface planes were measured for 


all three faces. The average value of the surface Debye tenverature is 





110°K and shows little variation from face to face. The Debye tempera- 


ture of bulk platinum is 23/°K. 
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i INTRODUCTION 


LEED has provided one of the experimental verifications of the 
DeBroglie hypothesis. The work of Davisson, Gaines and eee a 
through the years has provided the foundation for its present application 
as @ major experimental tool in the investigation of the properties of a 
solid surface. LEED allows us to study the structure of surfaces 
Peon acOomic scale. In most Of these studies high pUrityesimpie cryscals 
are used which are studied under ultra high vacuum conditions. The study 
of single crystal surfaces due to the revivial of this technique is 
expanding rapidly. During the time in which this work was carried out, 
the number of LEED research projects has more than quadrupled. 

The energy range of the LEED experiment (1-500 eV) provides both the 
proper wavelength (12 to 5A) and the limited penetration (1 to 3 atomic 
layers) which allows these diffraction studies of the surface. 

mae low index surfaces (100)(110)(111) of single cryseal=plarinum 
samples have been studied using the LEED technique. Platinum was chosen 
men Lis study because it is an excellent catalyst in many surface reac- 
ions. A series of experiments using platinum was carried out by Tucker. 
His work demonstrated the existence of weakly bound, ordered structures, 
fomen appeared, On the same low index faces as used in this work, after 
the exposure to gases. The ambient conditions wnich were employed in 
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this work were different from those in Tucker's~ exveriment and therefore 


several diffraction patterns were observed in this work which would not 
have been observed in the earlier work. We have extended the temperature 
ifenge OF Study wnich permitted us to observe pavverns of an entirely 


aifferent nature. 





Experimental results contained herein show the dependence of the 
structure of the exposed platinum crystal faces to vacuum annealing and 
to low pressure gas exposure &@t various temperatures. The evidence for 
these structures comes from the appearance of extra spots in the diffrac- 
tion pattern photographs or from the changes of the intensity of the 
diffraction spots at different beam voltages. There have been several 
different patterns observed in this work as a function of cnanging ex- 
perimental conditions. The experimental conditions and sample preparavion 
fmenmconcained in Section If. The study of extra diffraction spots in 
the LEED patterns as a function of these experimental eonditions is con- 
Gemmed in Section Ii. 

The understanding of the interaction of a low energy electron beam 
with the crystal surface is necessary before unique determinations of 
SUrtace Structures can be obtained. To date there has been no general 
eelmvion for the calculation of intensity of the diffraction features. 

Bare specular rr cert as a function of electron volvage have 
been recorded for the different faces and at different sample temperatures. 
fiemresults Of specular intensity determinations are contained in eee 
IV. 

mae avtenuavion of the intensity of a diifraction maxima as a function 
of sample temperature (the Debye-Waller effect) has been analyzed. The 


results of these experiments are contained in Section V. 
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Il. EXPERIMENTAL 
A. The Bxverimental Technique of Low Energy Hlectron Diffraction 
l. The Development of Low Energy Electron Diffraction (LEED) 

The first diffraction experiment using low energy electrons (100 eV) 
was carried out by Davisson Sag Germer in 1927. The electrons which were 
back-reflected from the surface of a nickel (nickel oxide) single crystal 
were collected in a Faraday cup at different angles of scattering. The 
scattering intensity showed several maxima and minima at well defined 
angles as predicted by the een eiGas of difiractuicme ore cae 


experiment has proved the wave nature of the electron. Using the ce Broglie 


150 
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where VY is the accelerating potential in electron volts. The energy range 





relationship, the electron wavelength, (A) is given by X(A) = y 


ee Low energy" electrons is roughtly 1-500 eV which corresponds to a 
1°) 
wavelength range of 12-0. 5A. 

The early work of Davisson and Germer was complimented and the 
experimental technique further developed through the years by Farnsworth. 
The development of ultra-high vacuum technology, 7 the rediscovery of the 
post-acceleration detection Pecintaten © and the availability of hign 
purity single crystals in recent years have greatly helved to overcome 
eae experimental difficulties. Finally, the availability of a commercial 
pees | Mes tiurthec taciliteced low enersy electron diliragcsen 10— 
Meewesocarions. These are bul some of the reasons for tne exponencial 
Srowun in the number or researchers in the rield. 

The deteiled develorcment of tne appar2tus is covered in a recent 
review Eicle.- The system used in this investi¢ation was an unmnodifiec 


Verian LEED apparatus which utilizes the post-acceleration techniaue. 
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The diffracted low energy electrons are post accelerated in an electric 
field (3-7 keV) to impinge on a fluorescent screen. This allows instan- 
taneous view of the entire diffraction pattern which can be monitored 


continuously during the experiment. 


eee ‘The Diffraction Chamber 

ihe requirements Of amecacily accessible, bekedole ui tua- me 
vacuum system are best met at present by the all metal conver gasket 
type system. The schematic in Fig. JI-1 snows the relative placement 
of the equipment for the experiments in this work. The view port allows 
the entire pnosphor screen to be visible. An ion bombardment gun and a 
Smedrupole mass spectrometer were located on opposite sides of the chamber 
with their centerline axis through the sample. A crystal manipulator was 
Meed LO position the sample along the centerline axis of the electron 
optics which is mounted inside the chamber. A 10 L/S ion pump is 
Eernecved to the chamber through a variable throttle valve. A gas 
handling recon! rough pumping system, and a bakeable leak valve, 
although not shown in Fig. Ii-l, are also parts of the system. In order 
to obtain ultra-high vacuum in the diffraction chamber the whole system 
may be baked at 250°C. In this way the pressure in the system was usually 
maintained in the Low Om torr cence. 

The scheme of the electron optics and the interior of the chazmver ere 
showy in Fig. II-2. The electron optics suvply a focused beam of mono- 
energetic electrons whicn impinge onto the target. The diffraction 
Reweern which ee 6h tne Dhosoher Screeweioemecyoup vious. tle sacar, 


flange mounted, viewport. 
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3. Ambient Conditions 

In these studies it is important to control the composition of the 
background in an ultra-high vacuum system (UHV) . In order to determine 
the composition of the ambient gases in the diffraction chamber, we 
utilized a quadrupole mass spectrometer mounted as shown in Fig. Ii-l. 
The gas atoms entering the ionizer region are ionized by an electron beam 
of energy (0-90 eV) and the ions ere accelerated in a quadrupole field 
moward & copper-beryllium electron multiplier detector. For a given field 
condition, only one on (one m/e ratio) is able to traverse theme1690 
without being deflected to the poles. Variation of the quadrupole field 
allows detection of ions in the 1-500 mass range. This range is divided 
amvo three possible ranges, 1-50 amu, 10-150 amu, or 50-500 amu. The 
Pem@oeicivitcy Of this type or equipment is dependent upon the desired 
MeeemuLbion. Resolution is a measure of the ability of a mass spectromever 
to separate arbitrary mass differences. The greater the resolution 
@eemred, the lower the current output for a given partial pressure. ‘The 
sensitivity observed in this work was a nominal value of 10 amp/torr. For 
pmemeaanpere Of current we could give @ rough estimate tO @ parvuial 
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pressure of 10 ~~ torr. 

A typical mass spectrometer trace which was obtained after baking 
Sepene Gilfraction chamber is given in Fig. II-3. Table ii-I gives 
S summary of the most vredominant peaks and assigns @ possible Species 
tO the peak. In the present work we have based our conclusions upon only 
Meocrecved Peiee eansemiances which were directly proportional to the 
eurrent ouvput fron tne svectromever at a given mass number. 


One USerUl decerminacion is tO monitor whe Voteleerescure WivGa an ion 


geuge while monitoring the vartial pressure of one component witn the 
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Table II-I. Mass spectrometric determination of 





composition 
“Uncorrected. 
m/e Doeeles relelive ecungence 
-- 
2 Hy ek 
16 CH,” oo 6 
ML OH” 5 
18 CH. 18 
+ 4: + 
Bie: Coe. Ny ; CoH), 18 
i) ‘ 
iL 
CO, ‘{ 








mass spectrometer as this gas is admitted to the diffraction chamber. 
Meeerelacionship of total pressure to partial pressure of the gas then 
measures tne effect of system background on the purity of the gas. At 
high pressures (107° boise <0) << 107° torr) of the gas, a linear relation-~ 
pms Observed, and at lower pressures the effect of the backsround 
becomes predominant. The results of such a determination for methane and. 
for oxygen are shcwn in Fig. II-4. At pressures greater than 1x107° Je Onaae 
the residual gases comprise a negligible fraction of Dure oxygen or metnane 
which was admitted into the diffraction chamber. 

The ambient pressure is also devendent on the amount of throttling 
sete pio. To demonstrate vhis effect a constant chamber pressure 
GreCO was maintained oy varying the gas rlow rate to correct for cnanges 
temper OuLle valve sevtings. CO Was ChHOSEl beece somite oelc 


meeeeicn maintained the hignest purity when aamitved cto the cnamber. 
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The pressure in the diffraction chamber was maintained at 5X10 ' torr 
over a starting pressure of 1x10"? torr. At full throttle an unecrvecves 
mass spectrum showed CO to be more than 99.5% of the signal. At no 
throttle (fully opened valve) the CO pressure was 90% of the total 
pressure. Therefore, we chose to run gas adsorption experiments using 
fiow rates which correspond to diffraction chamber pressures between 


8 
5X1LO iLore and 5X10 S torr with the pump fully turer led ee late ey eee 


can best preserve the gas purity in our present system during the experiment. 


4. Characteristics of the Flectron Optics 

Wesereceron Optics consist of the electron pun sume selateer em 
grids, and the phosphor screen (Pi phosphor). 

The electron gun (indirectly heatedbariated nickel cathode, electro- 
static focusing) produces a collimated beam of electrons of a given 
voltage. At the sample this beam has a cross sectional area of about 1] 
Square millimeter. The spread of voltage in the on is stated in the 
Specifications at +.2 eV at 150 volts. This energy spread was not critical 
in this work and was not checked during the course of the experiments. 

After the electron beam leaves the collimator tube, it is in a 
meeoeiree region as it travels to the sample and back to the first 
grid (labelled R, in Fig. Disone 

fie e€lectrons then pass through the first grid and are retarded by 
a repulsive potential (E, in Fig, Ili=2) whiter 16 -cauel to ties o.1e om 
accelerating potential (eV). The electrons which have sufficient enersy 
wameass Lois repulsive potential are then accelerated by an attractive 
potential On in Fig. II-2) of usual value 5 kV. In this manner the 
electrons which scatter off the sauple without losing energy (elastic 


electrons) are separated from the inelastically scattered electrons and 
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are displayed on the phosphor screen at intensities visible to the naked 
eye. The energy of the beam is variable in a range from 0-500 eV. The 
Current density eee on the crystal is in the range of 1-10 amps, 
and it depends on the accelerating potential. 

ine beam of electrons incideny upon Giewem orale. monoenergetic 
for our purposes. Let a vector oe describe the maenivide on fitswem 
fimectrons 4s well as their direction. The reflected electronic curren: 
@aa be designated J... and is nol MOnOenersetiC. (il selene se 
feeeeerence in these two currents then there must be a Current ian whe 
Siveceal FO ground circuit. 

iieeerystal to ground circuit current, desgenaced A), oie .atuner oe 
@eecrie energy of the incident electrons. <A value for this current can be 
plotted out as a function of beam voltage and is show in Fig. II-5 as 
imewsOlid line. The electron beam voltage at which the current AI equals 
Zero iS called the cross-over voltage. This is where the crystal to 
meen, Current 1S zero and is related to the secondary electron emission 
ravio. This cross-over voltage (Eq) varies slightly and has been 
Observed to change by as much as 10-20 eV. An attempt to correlate this 
tO gas coverage was unsuccessful. 

Secondary electron emission was the subject of great interest in 
the 1920-1930 period. From tnis era this ratio for platinum has been 


fe) 
“ and the dashed curve in Fig. II-5 snows the comparison. The 


mee ordec. 
data plotted were derived from the values of o, the secondary electron 


Smmsesi0on coefficient as follows: 
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AJ-= J. = Jd Gee ere 
o a @) e) ©) 


We were unable to determine the absolute value of J, but we could deter- 


mine experimentally its relative value from its voltage dependence. 
2 
J, o 2(eV) + 0.170 (ev) 


The plotted curve is therefore, 


AT oy) a (1-0) (2eV + 0.170 eV) 


We could show experimentally that AT (yy) /9 5 was independent of the 
magnitude of Js We can then assume we have a very sensitive measure 
of the cross-over voltage... Without establishing the absolute value of 
J, wemcannot devermine secondary electron emission values at otner than 
feeomeroscs-Over voltage. This effect is important in two cases, one 
Piememuie Larget is an insulator and also where the sample is mot grounded, 
In either of these cases the sample will "charge up" and the electrons 
will not hit the crystal unless the beam voltage is above the cross-over 
voltage. 

The experimental apparatus allows a measurement of the energy 
Meet OULiOnN Of vhe reflected beam tc This distribution is obtained 
by varying the voltage of the repeller grid (Eo Fig. (II-2)) and collecting 
Om@emeercen Current while holding the beam voltage constant. Tne screen 
fire. iS tnen recorded as &@ runction of Eo: Differenciating this curve 
yields a relative measure of tne amount of electrons witnin a given spread 
Siem 81S assures that tne energy disvribuvzon collected by the sSereen 
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G = + h7.5°) is tne seme as energy distribution which would be measured 
EY 
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if all the back scattered electrons were collected (@ = + 90°). The 
results of such a determination at 100 eV beam voltage are given in 
Hie. 11-6. 

From these experiments we can also determine the percentage of 
elastic electrons at this voltage. The measurements are then carried 
out at many different voltages. The results of this study are shown in 
Paes Li-/(. 

We have also measured this ratio of elastic to inelastic elecurons 
as a function of temperature. Within the accuracy of our experiment this 


ratio is temperature independent. 


2+ Jon Bombardment 
Ion bombardment is used in this experiment to remove damaged surfaces 

Or unwanted surface species by sputtering. This technique is used to 

memove the SUriace damage wnich is introduced during the preparation of 

the single crystal samples. The inability to form a single crystal surface 

Prior to placing the sample in the chamber does not prevent investigators 

from carrying out the experiment. A series of bombardments and nign 

temperature anneals can remove the damaged atomic layers at the surizace 

aging) expose an ordered surface. The.exberiment can begin on this freshly 

mreparcd Surface. Thus, one of the main advantages of the ion bombardment 

technigue is the ability to prepare the crystal surface in situ. 

2 


memberdment is usually carried ouv by Pilling Gre chamber <o e 
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Pewon pressure of 1X10 torr. Xenon was used because it has a preater 


mass tnan thet of argon and thus @ greater momentum excnange wnich increases 


its sputtering efficiency. It can also de removed easier by the vacuum ion 


ea 


LO : hee o eis ; 
pumoO than ergon. The chamber ion pump was turned off and within one nour 
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pressure nominally stabilized at 1X10 -. The spectrum was checked by 
mass spectrometer and found for all practical purposes to be entirely 
xenon and argon. Then the system pressure was increased by admitting 
mon to 1X10 ° torr. 

The ion beam energy can be varied in the range of 140-340 eV. Due 
tO the geometry of the system this ion beam could be analyzed in the mass 
spectrometer without the use of the mass spectrometer ionizer section. An 
estimate of the composition of the ion beam may be obtained from the 
Spectra shown in Fig. II-8. The loss of resolution in this spectra 
is due to the high energy of the particles (140 eV). Note that the largest 
Signal is Xe" which was measured to be more than orders of magnitude 
Meee Invensity of the species shown. in this particular recording 
the Xe" peak saturated the logarithmic amplifier used to record the signal. 
Peomecucn & determination it is certain that the major component of The 
beam is Xe’ ions which are responsible for the gross change of the crystal 
feemeee Characteristics atter ion bombardment. 

The properties of this particular apparatus are sucn that changing 
the beam voltage does not change the flux or the beam. The AJ value mentioned 
earlier for electrons can be measured during ion bomoardment of the crystal 
by Xe". Figure II-9 shows that the crystal ground circuit current changes 
by a factor 1.5 over the energy range, 140-340 eV. For this specific reason 
no estimate of the ions/see incident uwon the sample is given since the 
mechanism of the interaction is unknown, We did not have 2a metnod of 
Memeeane chis crystel to ground circuit cuvrent to an effective bean 
Seereny. Ji such @ method hed been available, it would have been oossiole 
to establish a parameter which would permit the number of Xe" ions thet 


Mere incident voon @ given area to be caleulaced es 2 nculon om ecie 
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Reproducibility was achieved by standardizing the conditions for 


bombardment. Ion bombardment treatments using 340 eV Xe ions in a back 
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pressure of 1X10 torr Xe were carried out fOr E> mimtgeo pe meer der Go 
remove unwanted diffraction features. The sample was positioned into the 


ee by maximizing the crystal to ground circuit curren. 


6. Crystal Manipulator and Sample Holder 

mie crystal sample was soot welded Co the holder material aiie was 
mounted with pressure contact onto the crystal manipulator (Fig. hii): 
The bellows arrangement on the maniuplator allowed full (360°) rotation of 
the holder. This was limited however to 180° by the necessary electrical 
e-mmections to the sample. 

Weewcamples were heated by resistance heating of the sample and ihe 
holder. In order to obtain high temperature (>1200°C) with reasonable 
currents (40 amps), the sample holder was made much thinner than the 
sample cross sectional area. The sample holder became the heat source and 
Gesteady state sample temperature was achieved much faster and used much 
Mees Current than required by other methods. 

Me holder material was made of platinum which allowed etching of tne 
feeple after mounting. 

Mee Crystad maniuplator allowed for vertical, sidewards, and tipping 
femom, within limits, and varying the sample position with respect to the 
meapinsing electron veam. It is also imoortant to locate tne sample at the 
Sencer Of curvature of the svoherical screen if angle determinations are 
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Semeectcd. ‘The system as used met t coer Or, ie 

Moet Or accuracy required in this work. Temperatures from room temperature 
to 1350°C were recorded by a Pt/Pt 10% Rh tnermocouvle attached to the back 
of the sample. The samvles were easily adjusted to be with the electron 
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Meeeincicent udon tne desireac portion or tne face. 
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{. Intensity Measurements 

The diffraction pattern which is displayed eagiie sw enos rior screen scan 
g@arectiy be photographed to obtain permanent recordeen a siven difiractian 
feature. It takes approximately 3-5 sec to form an adequate image on ASA 
feo20 film. The relative intensities of the diffraction spots can then 
be determined by techniques which are to be described later in the photo- 
Mmeenic section. The direct measurement of the intensity of Lhe individual. 
Me treaction spots can be accomplished by the use of spot photometers. 
Mme majority of intensity data in this work were recorded with a spot 
mio Lome ter. The photometer used has fiber optics allowing the use 
of variable apertures by varying the size of fibers. 
eee Determination of electron flux from intensity measurements. ‘The 
Faraday cup method of scanning electron diffraction patterns can be used to 
Merermine the absolute electron flux. 

intensity measurement using the fluorescent screen can only be used 
Peme@eucrmine relative intensities. The problem in the post acceleration 
method is to relate the spot photometer reading to the intensity that a 
Faraday cup would receive at the same position of measurement. The 
m@eensity atl any position on the screen will be identified by its 6,0 
Seordinate on a corresponding photograph as T (a9): Unfortunately 7 (60) 
mepao, COmMprised only of the electrons scattered into the diffraction 
femime. The total intensity at any point (8,9) is given by the following 


memabionshinp. 


Tod) = Taire + tep.s. * Taisoraer * Tinelastic * Topticar 


Meee various terms are important to consider separately. 





eer 


Loser - This term gives the intensity due to elastically scattered, 





diffracted electrons after thermal effects have been taken into account. 
In op.s. - This term is the intensity due to elastic electrons scattered 
as a result of thermal motion (Debye-Waller factor) of the lattice. 

optical - represents that fraction of the total intensity reaching the 


spot photometer from outside the scanned area. Intensity at other positions 
mem be recorded due to insufficient cut-off by the teélephotomever Oopcics 
@eoouical reflections. 


i iio gues ane in dasordered posivicne, aera i) eaclieeaon 
@isorder 


Pattern will appear. This term then accounts for the intensity of electrons 
scattered from atoms which are in disordered positions. When the surface 


Eepcoaches perfect crystallinity, eee almost completely vanishes. 


Immediately after ion bombardment treatments of the surface I,. ‘ 
disorder 


ieevery large. 

ali, ..- This term is due to the fact that the retarding potential 
inelastic 

grid (E,) does not remove all of the inelastically scattered electrons 

due to the accelerating voltage (5 KV) of the screen. Tris is an instru- 

mental effect which can be reduced by lowering the screen potential or by 


@eesinsertion of another grid. 


I 


; leet ieee 
dive Laps and 1 ossorder are Propergional tO the elecuron mr. The 


Sener cverms are due to a mixture of instrumental errors. in analyzing 
Me@pemnuUSnsity d&aua the presence or these racuors which can nave an exrect 


on the calculation of electron flux J(@,%) and wnich can also be a function 


Of tne exverimental conditions cannot be overloox«ed. 
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ib. Specular intensity as a function Of LemMmpera lve meliUen De votictae.) 


ef the specular reflection is recorded as semple femper ace sis schanzeq, 


the value of I will change, see Fig. II-10. ‘The background antensity 


Cin inig 
remains constant and must be subtracted from the total intensity T(g ¢) 
Zoe 


+o obtain @ more accurate measure of Taser’ 


8. Photographic Measurements 

The phosphor screen was directly photographed through the viewport using 
a Crown Graphic camera whicn was mounted in a fixed position with respect 
meomune Screen as shown in Fig. II-ll. This positioning allowed an 
acceptable depth of field with an f-stop of 8 or ll. 

Exposure times for normal patterns were of reasonable duration 
allowing several types of films to be used. Table II-III gives the 
approximate conditions which were used with the various films in obtaining 
Meouvorraphs of the platinum diffraction pattern. 

The faster film made by Polaroid (Type 57) was used to hee ti sume 
miemproper exposure for the existing condition. Then the time of exposure 
was Me casea by the vime calculation factor listed in Table iii, wien 
other films were employed. Films which produce negatives were used with 


micro densitracers to obtain intensity data. The diffraction angle @ 


Seebe Obtained from the location of the diffraction spot image on the 


negative. 
Film Lens > spot 
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Table ili 


rm er ar ro ee eee ee ee eee eee 


eg ne a re re te te nr eS ee 


Time 
Film Film Type ASA Exposure tT eecop negative Cale. 
51ze Time hactor 


ee a ee 


WXx5 Polaroid 57 3000 1 sec 8 no 1 
Hees Polaroid 55 50 ~6©60 sec 8 yes 60 
UX5 ‘Royal Pan Loo oant-To 8 yes (os 
(O ram 

roll Tri-X-Pan 1200 4 sec 8 yes 3 


Given the preceding geometry the derivation of an equation to 


calculate Yo ee Cerms  oheo eee e oil ows: 


y, =r sind = (a-OB) tan 
Ui. = b tan 
oe Ve 
OE = y, tan 6/2 
femme leads to 
_ br sin @ 
Yo = 


a~2r sin” 6/2 


Mis cerivation neglects the effect of the refraction due to the view 
Meme. The parameter Yo PS Genuimevlers Ti IF, D ands Seowmgemme= sy oo 
Pemvimerers. Tne actual distances in centimeters which were used in wnis 


work ate snown velov. 
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Fig. II-11 


igo pereneter y can be calculated for the given conditions @s a function 
en 0. 

It is useful to express 0 in terms of a dimensionless parameter, ia 
This parameter (y,.) is defined as (Ya) divided by the radius of the screen 


ins) ie j}ecLred. Onto the £11. 


: _ _br_sin (47.5) 


EPS erp ene en 


or 


_ (a-2r Sie (enn) sin @ 


sin (17.5) (a-2rsin 0/2) 


eae cnis expression film shrinkase, enlargement or possible change 
in film to screen distance may not meke recalculation of @ and So 
Meeempsery. Values for Yo and ee have been calculated 4s a iuncuion of 
Wiece and are listed in Table IIJ-I1.. 

In these calculations we have assumed that the sample is at the 
center of the radius of curvature of the screen (r = 7 em). A correction 


Mea oe aoplied to allow for the change of @ if the sampie is not in t 


meeer Ol Curvature, that is, the sermole to screen distance is eitner 
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larger or smaller than ( cm. If we consider x to be the displacement 


from Lhe center of curvature then, 





RE 
a 
oe \e" ‘ me 
eee eee Tener = —— s 
7 : HO 
fA X sete p ————34 
Nee cate 0° p= 7 cos 0° 
va 7 saa sin 6° 
SEIN) ae ep 
ea x+7 cos0® 2 + cos 6° 


= ere tan sin 0° /(G + cos ory 


Miemerror in measuring the angle is then going to be dependent not only 
on the displacement but on the angle 9. The ratio x/7 will be small 
compared to unity, so at small angles 0~@°. At larger angles a small 
error in the placement of the sample gives a large error in the value 
of @. For a placement error of 5 mm the error made in measuring the 
angle 9 is plotted in Fig. IJ-12. 

Figure II-14° and Fig. II-13 give the results of calculations which 
Berrecle for placement errors. It is necessary to point out that in 


LY 


9 measure the placement parameters om) to 


cr 
) 


Meaeoice it is difricult 
more than 5% accuracy and as a result angle determinations have iarge 


uncertainties (+.5°). 
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fac. Ll-tj moet W9Siv1O1° Or SPpOl 2S aAuPUneeieneon steamer cec on 
angle 0 





? for various sample to screen distances 
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B. The Platinum Single Crystal Sample 


ie pulk Material 

The samples used in this work were all.cut from the same stock. 
This was a rod of ultra pure platinum single crystal 1/4 ineh in diameter 
and 4 inches in length. ‘The major heavy imourities present were determined 
by a spark source mass spectrometer. The results of this analysis are 


Payen in Table II-IV. 


Table TI-IV. Major imourities in the platinum 
sample used in LEED study 





Impurity (wt ppm) 
Fe 30 
Gis ep 
Rh iD 
Ag <0 
Au <a @ 
abr fe 
Pb aS 
Si mn 
Pel 2 


re Ni 








emer ientation and Cutting of Samvie 
Mne initial samples were cut using a diamond sav. Later on sparx 
eutting techniques were used (with no noticeable difference in ae SUS) - 


The large amount of material removed in lapping down to the Final poliisa 


removed any errect of the metnod or cutuing. 


The thinner samples were difficult to work with as they were so easily 
deformed. The optimum thickness used was around 1.5 mm The diamond saw 
enabled the desired face to be cut ae 1°. The spark cutter lead to 
greater errors and a tolerance of +2°. 

Laue back diffraction x-ray patterns (Cu-Kn) were easily obtained 
moon DOth the polished samples and the stock, but only after etcea. Wiese 
patterns were recorded by a Polaroid x-ray camera. The patterns were - 
analyzed to determine the orientation of the exposed face. The LEED 
pattern is all cases agreed with that predicted from the three dimensional 


x-ray pattern. 


3. Mechanical Polishing and Etching Techniques 

Many technicgues were tried to obtain an optically flat polished 
surface which was strain free. Tne final procedure which yielded excellent 
LEED patterns is as follows. Tne sample was polished and etched repeatedly 
(three times). Each succeeding final polish using 1/4 micron alumina powder 
seemed to introduce less damage. 

Etching of the sample and holder was carried out using a diluted aqua 
3 parts HCl) which was maintained 


regia solution (4 parts HO, 1 part HNO 


2 Sa 
at 100°C. More or less dilution led to etch pits. By using this technique 
immediately prior to mounting the sample in the chamber and evacuating, 
emer int diffraction patterns were obteined with small spot size 
(0.3°) without ion bombardment. 

The degree of surface damage due to the surface preparation was 
estimated from the x-ray ovhotograpns. Microscopic exanination always 
indicated etch pits as well as scratches over the entire surface. 


For LEED experiments we nave found that tne macroscopic surface 


appearance of the samole is not necessarily a controlling feature on the 





= 2) 


quality of the pattern. One sample was purposely left rough with etch 
pits ( .1 mm deep) over the entire face. This sample gave an extremely 
clean pattern and exhibited the seme features as other samples of the 


same orientation. 


h, Mounting the Single Crystal Sample 

Spot welding of platinum to platinum can damage the single crystal 
sample if precautions are not taken. To reduce the power required to 
form these welds, a .005 in diam wire of platinum was placed between 
the samole and holder. In this way the a sectional area for flow 
of the welding current through the sample was reduced causing a hot soot. 
The weld thus occurred at this hot spot. These welds were extremely tougn 


and were not the region of highest temperature in tne system when the 


sample and holder were subsequently resistance heated in the chamber. 
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C. selected Physical-Chemical Properties om. t acme 


Se 


Platinum Oxide 


ime ihe Strucvural Properties of Platinum 
The crystal structure of platinum is face centered cubic with a 
° 1 
acctice parameter of 3.9231 A at 25°C. The surface nets and interplanar 


spacings predicted from this bulk structure are listed in Table II-V. 


‘itch lhc: ah 








Face uae) AALS. 100 
ae dimensional . fr--S syoone n =a 
unit cell 2 Ko v a {0 | a | ae 

b oe z 
a 2.7 7A 2.774A 2.7 THA 
b 2. 771A 3,923A 2.7 7hA 
6 60° 90° 90° 


Planar svacing 


tiie. Gdirection ° ° a 
, Q 
(perp. to the 2. 2098. 1. 307A 1.961A 
surface plane) 
acing bevi © ° A 
— 6.7954 2.7 7lh 3 9p3h 


equivalent planes 


Puraece density of 1's 1 
atoms ver unit 1 623a@ 2 Pye AUG) 
Surface area 


: 1.30x107? 


e.toms [ein atoms Jen” atons Jen” 


gy nr ar mr ri am a rm et em a a mm mee pe em aR ee 





-36- 


The difference between planar spacing and spacing between equivalent 
planes is important in specular intensity calculations. The spacing 
between equivalent planes can be compared to the spacing between planes 


for the 100 face to clarify the different values listed in the tables. 


—y~—-() C) Ce we 


Interplanar 


spacing Equivalent 
—t--_-(_) C ) plane Spacing 


eeueneat Of Evaporation and Free Energy Function of Platinum and 


Platinum Oxide 

The thermodynemic properties of platinum and platinum oxide have been 
Seaeeulaced Only recentiy. The free energy functions are given in Table 
ieee elong with their references. These data then allow us to calculacve 
me weguilibrium partial pressures of platinum oxides as 2 function of 


oxygen pressure utilizing the following chemical equilibria 


. 
jes += 0 = Pto 
(s) ° 2 “2(g) (g) 
where 
exp - ae. [Pto ] 
eo ia 
and. 
1gae ae 5) = PtO 
aj)? Oe SB 2(g) 
where 


[Ps0, ] 
2S) | =o 





nS Ooo 
FN ™_z’{j$T_5jVre’otéeNoN.oooOoODODOo nin 


96d 


(qT) TS SS EO Ge cies Se Cass: 
(CT) GFETS = 8Oo.5, (2)0g + (2)4d = (9) "ord TOT 
~ 9gT*S 36°), TG ZONF 61°39 64°S9 do ° a9 d&°T9 (B9)OId = (qT) 
= GS ios Oost - eee th T9° ot Moe 90°6€ Lat? QE (ENO) BGA 
: O CLO? = GT°LS 6T°SS Q1,° 2S €9°64 To°64 (3)%0 (oT) 
- - ie soy, ee 4°99 - e° 19 (2) "od (ET) 
PAGS TL clou - Ge°es 00° TS patedony 99° Ot 96°SH .(83)44 (2T) 
I 
M000 I, 0002 M.OOST M,OOOT MI. OOS MST" Q6e 
Teoy Teoy, 
ey oie Se dap Teo 1/(S°SH-,z)- ou 


suotzouny Adraus seat *TATIL eTABL 
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3. Equilibrium Partial Pressures 


The partial pressures of Pt, PLO and PLO ol seq pine oer 


2 
pressures are given in Fig. I-11 for PO, = 1 atmosphere and in Fig. 
II-15 for PO, = 5x10"! torr. 
The rate of removal of a surface under free evaporation can be 


given by Lo 









us 


ee 


Rate = P Os 
eq 


where, if the evaporation coefficient, is unity (@= 1) the rate is 
@oea Maximum. M is the molecular weignt of the vapor, RK and i have 
their usual meaning. Calculation of the maximum rates of removal of 
platinum from fae indicates that aporoximately one monolayer of platinum 
would be removed per second if the total equilibrium pressure of platinum 
species would be 1x107° TOoreeeetaas would occur in Our Systeme ause, 72 
pressures of 5x10" 7 torr and a sample temperature of 1273°K (1000°C). 


We have observed that the damaged surfaces may be removed by a hign 


temperature anneal in oxygen. 








Figs i=) ee Ouse orium partial pressumesaonm seer 


PtO, and PtO, for one atmosphere pressure 
OG Oxyeen over solid Ulagiapnegeee une rion 
of reciprocal Kelvin temperature. (K°~+) 
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Belaeei prim partial pressure Or eau, 
PtO, and PtO> for oxygen pressure 
of 5x107 torr over solid platinun 
as a function of reciprocal Kelvin 
temperature (K°71) 
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IIT. STRUCTURES ON THE (100), (111) and (110) 
FACES OF PLATINUM 


A. General Consideration 


The arrangement of atoms on the surface of a single crystal which 
coincides with the corresponding bulk structure is defined as “substrate 
structure." The presence of a substrate structure is verified by the 
Giareactleristic diffraction features predicted from the bulk Struccure, 
Under well defined conditions extra spots may be Povmea 2° These 
conditions are annealing in vacuum or the exposure to gasses. 

The “extra” features observed as a result of the experimental 
conditions imposed on the sample indicate the existence of “surface 
structures." The locations of atoms within these surface structures 
are different from that in the “substrate structure." 

The goal of LEED studies is to determine the cause of the struc- 
tural rearrangement and to locate the exact position of atoms in the 
Surface structure with respect to the substrate. If gas adsorption 
was necessary to cause the extra features tnen we would also like to deter- 
fined: the gas atoms are part of the structure or they merely 
catalyze the surface rearrangement of metal atoms. 

At the present tere goals are only partially realized. "Extra" 
diffraction features have been observed as the experimental conditions 
varied, but the new location of the surface atoms could not be dever- 
timed. However, tne formation of these extra features under varying 
experimental conditions have allowed us to identify the cause of the 
appearance of these structures. 

Mie specific details concerning the rature of the electron inter- 


action with the surface have not as yet been resolved. The methods of 








nipe 


x-ray diffraction calculations cannot be applied to how Energy Electron 
Diffraction experiments. The exact location of surface atoms in the 
reece Structures cannot be calculated at the presenvs Furthermore, we 
eeenoy distinguish between diffraction by atoms of different elements, such 
as platinum and oxygen, since the atomic scattering factors of these elements 
fOr low energy electrons are not known. 

The existence of diffraction spots leads to a definition of the size 
Sueeoe Smallest unit mesh which describes the surface structure. We use the 


popearance of new diffraction features to monitor structural rearrangements. 


B. Nomenclature 
A vocabulary of surface crystallograpny has been established by EK. A. 
eed. +! In this reference the definitions for surface structure and 
Substrate structure are given in a manner similar to tnat stated earlier. 
A shorthand notation is developed for the indexing of surface structures 
Paemomtencesigonations of the unit mesh vectors. The unit mesh vectors in 


ot a ae 
Hectprocal space are designated as a and b. Translations of a and 


vx 
b by the integers h and k generate the location of the spots within the 


emae yiOn patterns. The equation 


Se Ge) eke (S17) 
Ty = he + 2 


represents the pattern due to the substrate structure. The substrate 

Unit mesh for the (100), (111), and (110) faces is given in Table II-5. 
Tne established shnortnand notation relates the existence of extra 

features bo. the substrate structure diffraction vattern. For example 


the symbols, 








Pu (111) ae 


denote a pattern which consists of a Pt(111) unit mesh in reciprocal space 
given by Eq. (III-1) upon which is superimposed another set of spots 


generated by the equation 


ha” KD 
ti = ae ar ae ° Cilla. 


mots NOvavion does not mean that a solution of the location of the 
atoms in real space has been accomplished. The notation merely allows 
iiemre-creation of the position of extra spots in a diffraction pattern. 
The existence of non-primitive unit meshes is allowed. The centered 
mesh is common in LEED patterns. To clarify, a pattern Pt(100)-c(2 x 2) 
1 


would indicate a point at the (5, =) position as indexed by the substrate 


unit cell indices. 


0 G 
a* s 
0 platinum 
xy 9 X extra feature 


In designating the patterns which are due to the exposure of the crystal 
surface to a known gas, the chemical symbol of the gas is added to the 


shorthand notation. An examole is, 
Pt(111) - (2 x 2)0, (III-3) 


which indicates that the existence of these extra spots is dependent 
upon oxygen exposure. It does not imply however, that the new diffrac- 
tion features are due to a periodic arrangement of oxygen molecules on 


the metal surface. 
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Ce Definition of & Clean cuntac 


The designation in Eq. (ITI-3) is a brief description to part of 


the reproducibility requirements for the formation of a given pattern. 


D 


From this notation one says that, if the platinum (111) face is exposed 
to a controlled flux of pure oxygen, one should expect the extra features 
indicated. The extra features may or may not be due to oxygen molecules 
or oxygen atoms, platinum or platinum oxides, carbon monoxide or other 
impurity oxides. 

Impurities which are present in the substrate may also effect the 
MetmetioOn of certain surface structures. Since LEED is sensitive to a 
monolayer of adatoms it is difficult to determine the concentration of 
iipmrities required for the formation of suspected patterns. 

A "clean" surface can be defined as a surface of a crystal which 
Meomoecen purified by all known techniques, if not in contact with obvious 
sources of other impurities and by necessity is in an ultra-high vacuum 
system. 

In studies of gas adsorption on metal surfaces the adsorbed svecies 
may diffuse into the bulk upon heating of the sample. This occurs in 
addition to the normally observed gas desorption process. The possibility 
of this bulk diffusion is often overlooxed. The presence of dissolved 
gases in the bulk of the crystal can affect tne proverties of the gas- 
solid interaction and thus the reproducibility of the experiments. The 
peior history of a sample, especially concerning gas exposure and neating 
emiperavures, must be considered in tne interpretation of the exverimental 


mesulUuSs.-* 
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D. The Effect of Domains 


The electron beam covers approximately one square millimeter of 
the crystal surface. Within this area there are approximately 1073 
surface atoms. Experience has shown that scanning the beam around the 
erystal face leads to a change in the intensity of "extra" diffraction 
meatures. Infact, many times different symmetries are present at 
different positions on the face and various patterns can be superimposed 
at intermediate positions of the electron beam. 

ii 1S apparent that the diffraction features are due to the periodic 
arrangement of atoms in surface domains. As long as the electron beam 
diameter is much larger than the domain size, the diffraction pattern 
will be the result of simultaneous diffraction by atoms in many domains. 


The symmetry of the exposed face may determine the possible number of 


equivalent orientations of domains. 
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Ee Surface Structiunes 


There are extra diffraction features which have appeared on the three 
different faces of platinum. These will be discussed separately for each 
face of single crystal platinum. First we shall describe the properties 
of those structures which formed by temperature annealing without exposure 
wemeas. then, we will be concerned with structures which are formed upon 
exposure to different gases. 

1, The (100) Face of Platinum 

a. Pt(100)-(5x1). The 100 face of platinum has a square reciprocal 
space unit mesh. The (5X1) pattern is superimposed upon the substrate 
structure along the principle axes which are the (011) and (011) direc- 
mmemseor the 3-dimensional unit cell. ‘The assignment (51) is due to 


the 1/5 order spots which occur. 


0 3 ‘ % 0 Q platinum 

Xx xX X extra features 
X X X 

v8 XX 

XX XX 





a2 


The doubling of the spots is apparent in all diffraction photos 
of the (5X1) and has been left out of the shorthand notation due to lack 
of appropriate symbols. The intensities of the extra order spots have 
been recorded (Fig. III-1) and can be equal or greater than the intensity 
@ieuhe principal spots. The relative values of these intensities ane 
not as expected from simple kinematic models assuming the presence of 
ordered arrays of atoms or vacancies on the surface. 

The pattern as drawn is really a superposition of two patterns rotated 
90° to one another. One of these two orientations may be observed separ- 
ately by careful positioning of the electron beam. This pattern has been 
formed repeatedly under "clean" conditions as defined earlier. On certain 
Samples tnis was more difficult than on others. However, on no sample 
was the pattern unobtainable, Through the course of the work the pattern 
has been formed many times wnder varying conditions. The following 
short summary lists the experimental observations which could be used to 
Verity the nature of the surface structure. 

1) Kinetics of formation were measured by monitoring the rate 
Gaeerowth as a function of different temperatures (Fig.e III-2). The 
initial rate of formation at eacn temperature was used to establish an 
estimate of the mergy of activation with a value of 33 kcal/mole. 

2) Under "clean conditions" the (5x1) appears to be stable in the 
temperature range of 200-500°C, At temperetures above 500°C the pattern 
will anneal away. In UHV the pattern can only be regenerated by neating 
aiter ion bombardment. | 

3) The pattern is faintly visible et; 500°C and has been observed 


to disappear siowly upon cooling to room temperature in UHV. 
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Fig. III-2. Intensity of one Pt(100)-(5X1) spot as 
a function of time at a temperature of 
515°C during ultra-high vacuum anneal 
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4, The (5x1) pattern will disappear at room temperature in approxi- 
mately 43 hours. If allowed to decay in this manner it can be regenerated 
by heating in the 300°-500°C range. 

5. The (5x1) formed on many platinum (100) samples. On one sample 
a temperature gradient was required to form the pattern. 

6. In all cases a clean Pt(100) structure was necessary as a 
starting point to form the (5x1). This clean substrate structure was 
then bombarded with xenon to prepare the surface for the formation of the 


(>) . 


b. Pt(100)-(2x1) 


e x QO 


O Platinum 
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The assignment of this pattern to a set of superimposed perpendicular 


i 
5) Spot. 


The characteristics of the (2X1) are less well defined than the (5x1). 


: : ne ale 
domains of (2x1) is due to the absence of the centered (> 


This pattern seems to be a precursor to the (5X1) but was not observed 
to coexist with the (5x1). In the initial stage of formation the extra 
Order spots avpeared as elongated spots, almost line segenents. This 


would then coalesce into spots with furtner heating. 
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It was difficult to obtain the (x1) since the (5x1) formed so readily 
at nearly the same temperature. This structure was not observed to form 


under oxygen treatment with conditions similar to that necessary for 


the (5<1). 
oF Pt (100)-(5x1)0,,. The diffraction features of this pattern are the 


Peme as described in Sec. III-A. The addition Gf Dhe oxygen symbs to 
the to the shorthand notation is due to the sensitivity of the rate of 
formation and the rate of decay of this pattern to oxygen pressure. 
When the (100) face is exposed to oxygen at 400°C which is within the 
range of stability of the (5X1) surface structure, the pattern formed 


{ 


in 120 seconds at a temperature of 00°C and a pressure of 5X10 | torr 


0 if the sample is cooled to room temperature in the presence of oxygen 


pe 
the pattern disappears within seconds. If the (5x1) structure which can 
be maintained in vacuum at room temperatures for many hours is exposed 
Pememyecn at room temperature, it decays within seconds. ‘he rate of decay 


was measured and at P. = 8.07! torr the pattern disappeared completely 


%5 


mio seconds at room temperature. If the oxygen pressure is reduced 
to below ao? torr che pattern: remains ores. 

The rapid disappearance of this surface structure in the presences 
of oxygen explains why Tucker has not been able to observe its presence 
on the (100) face of platinum. iene cooled his samples 
from 00°C in a high pressure of oxygen (Po = ex107© tore einen 

2 
apparatus this treatment would cause the (5x1) to completely disavvear 


in seconds. 
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This pattern was the only new structure observed under controlled gas 
Sodererons,. It was reproducible but only with difficulty due to the 

long exposure times required. The pattern formed at room temperature 
with CO Cae = 5x07? torr, time = 11 hours). 

The pattern also formed at higher temoeratures in 05 This may be 
explained by the possible conversion of 0, to CO in the metal gas mani- 
fold. We have not been able to verify this since we did not have the 
mass Spectrometer operating for this series of oxygen experiments. It 
Mesmwovservea that the presence of the (5X1) surface structure appeared 0 
block the formation of the C(1X1). In similar manner the C(1<1) blocked 


the formation of the (5x1) structure. 
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e. Patterns of unknown origin. Near the completion of this work metallo- 
graphic techniques had progressed to a state which allowed the observation 
of clean diffraction patterns after pump-down and bakeout without anneal 
or bombardment. Upon reaching this goal, certain “extra features" were 
observed which could be removed by annealing. 

We attempted to reproduce these patterns at room temperature and 
elevated temperature by exposure to gases. Hydrogen, oxygen, nitrogen, 
carbon monoxide, ethylene, and ammonia were all used and none of these 
patterns could be regenerated. The patterns are interesting in that 
they indicate large unit meshes but do not demonstrate the doubling of 
spots which occurs with the Pt(100)-(5X1L). They are recorded here in the 


hope that their very existence m illumine ce fubure worl, 
Ne ay 
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The Pt(100) sample had been etched and polished in the manner mentioned 
earlier in the crystal preparation section (II-B-3). The sample was washed 
in methanol, placed in the chamber in an argon atmosphere. The system was 
then immediately pumped down and baked for 8 hours at 250°C during which 
time the pressure fell to x<107° torr. The sample was flashed immediately 
Pemor tO bakeout to outgas and test the electrical connections. At ter 
ia@emsystem cooled to room temperature and the Optics were energized, the 
pattern was visible. 

The pattern could be removed by flashing to 650°C and a mass svectrun 
wes Made during this neating. The predominate increase in background was 


eontained in the n/e = 25 peak assumed to be CO. After this flashing the 
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pattern evolved to the Pt(100)-(2x1). 


Pt 100 (2X1) elongated 
Pe | Q Platinum 
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| 
This pattern was formed after flashing the Pt 100 C(4xh)? to 650°C. 


There were continuous lines of intensity between the principle diffraction 


spots. <A diffuse (2x1) the same as mentioned earlier appeared superimposed 


upon this pattern. 


Pt _(100)-(2xe) 2 
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A sample which was indicating a substrate structure diffraction 
pattern was let up to a predominately argon atmospnere, while the system 
was Opened for approximately 20 minutes. Upon pumpdown and bakeout the 
Pt(100) (22) 2? was formed. This pattern was easily removed by flashing 


the sample to a high temperature (T>650°C). 


Pt(100)-C(uxh) 2? 
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After a new sample had been prepared and placed in tne chamber in 
a similer fashion to the Ps 100 (hx) ? but this time the Pt 100-C(&x2) 


peemeture was formed. 
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f. Discussion of the (100) surface patterns. The (5x1) pattern is due 

to a surface structure which is created in “clean” surroundings, in ultra 
high vacuum by annealing after ion bombardment. This structure can also 

be Bete! by heating in oxygen at 400°C and be destroyed by the presence 

of oxygen at room temperature. There are two possible diffraction mechan- 
isms to be considered and each would lead to a different analysis of the 
structure causing the pattern. The unit cell has apparent dimension five 
times the bulk unit cell in one principal direction and is the same as 

the bulk dimension in the other. To give the required intensity a kinematic 
model would eee to a one or two vacancy surface structure. The high non- 
equilibrium concentration of vacancies at the surface is created by the ion 
bonbardment treatment. Oxygen may also facilitate the creation of vacancies 
in the surface due to the free evaporation of PtO or PtO,, as discussed 
earlier (Sec. II-C). Thus, the presence of oxygen could have the same 
effect as ion bombardment treatments in introducing surface vacancies 

which are necessary for the generation of the (5X1) pattem in ultra high 
vacuum. The Diaby TO. regencravemune pattern when heated to high 
temperatures would also be explained since the eduilibrium concentrations 
of surface vacancies is reducéd below that needed for the formation of 
these patterns, 

However if multiple scattering is allowed then the Pt(100) surface 
@aeieaction pattern can be thought of as a2 source ot multiple peams, Im 
this case a new structure can be postulated which wouid explain the 
(5x1) pattern. This pattern would occur if a surface layer of some 


7 « « lau = « 
compound were formed with a spacing 5/6 o: 5/4 the Pt spacing. In 








56s 


these two cases the unit mesh projection on the surface plane would be 
either 1.15A or 1.735A. This would also require the same vacancies to 
exist as previously required unless the layer were thought to be composed 
of impurity atoms or molecules alone and out of registry with the lattice. 
The splitting of the diffraction beams may be due to the presence of anti-~ 
phase domains which occur in x-ray nnioa 

This pattern will not be observed if the sample is cooled in oxygen. 
Experiments show that the pattern will disappear in oxygen in the time 
required for the sample to cool to room temperature. 

The (5X1) surface structure igs not unique to platinum and has been 
reported on von This pattern has the same characteristic splitting 
as has been observed on Pt. These patterns are not unique to Season Sar 
substrates but seem to be common to elements of the noble-metal, transition- 


moo Lanily. 


©, The (110) Face of Platinum 
Qe Pt(110) surface structures. Without oxygen pre-treatment there was 
no formation of distinct "extra" features in the diffraction pattern of 
tie 110 face. Ion bombardments followed by annealing of the sample led 
to diffuse patterns with only faint hints of extra features. The sample 
preparation technique which worked so well for the (100) and (111) faces 
led to a much more disordered surface for the (110). 
ze 

A higher temperature anneal in oxygen (7.4«10 torr seccnds at 
T2600 C) caused a marked improvement in the diffraction intensity. No 
faceting of the surface was observed during tnis treatment. fter wunis 


pre-treatment all of the observed vetterns would form. 
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All of the patterns could be removed by xenon bombardment and 
formed by heating afterwards. 
lon Pt(110)-(2x1). The 110 face of platinum is the only one of the three 
faces wnich were studied with an asymmetry which would make for example 
a (2X1) pattern different from a (1X2) pattern. The two non-equivalent 
3D crystallographic directions which define the (110) surface unit mesh 


are the (001) direction and the (110) direction. 


(110) 
} neice C 
(001 } G platinum 
x x 
X extra features 
6 0 


In this work (2X1) will refer to extra spots in the half positions 
along the (001) direction. This pattern formed by flashing the sample 
to high temperature (1300°C). 
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This pattern formed if the sample were flashed. A revresentative mex- 
imum temperature was 1360°C, The pattern was very distinct up to beam 
voltages as high as 450 volts. The (2x1) and (3x1) were observed to 

ic 


exist in separate domains after the flashing treatment. 
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d. pt(110)-(4x1) 
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Seve on che first flash after ion bombardment would this pattern form. 


Domains of this pattern could be found emong the (3X1) and (2x1) domains. 








e. Patterns of unknown origin 
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apis pautern formed very faintly before the sample was pretreated in 


oxygen and also afterwards. This pattern disappeared with flashing. 


Pt(110)~ (1x3) 2 
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This pattern formed superimposed with the (3X1) after the sample was left 
in vacuum for 6 hours or more after the (3x1) was formed. Flashing caused 
the (1X3) to disappear but not the (3X1). 
ii 110)-Ci2x2) 2? 
0 G 
| @ Platinun 


KX Extra features 
G 0 


This pattern was observed alone and superimposed with the (2x1) and (1x2). 


The pattern would disappear wnen rlashed in vacuum. 


Ha 11.0 )-( 3x3) ? 
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This pattern was formed as an intermediate in a flashing sequence. If 
the (2x1) were allowed to stand over night one flash to 1200°C would form 
this pattern. A second flash would remove the horizontal row Spots leaving 


only the (3x1). 


f. Discussion of Pt(110}) clean surface structures. The necessary pre- 


treatment in oxygen used in this work makes it difficult to rule out the 
possibility that oxygen may play a role in the formation of these patterns. 
However, heating a developed (2X1) or (3X1) structure in hydrogen to 
ieee Cedid not affect the pattern. 

The patterns with multiple periodicity in the (001) erystallographic 
direction, for example (2<1)(3x1)(4x1) seemed to be created by high 
temperature anneal. The patterns multiply periodic in the (110) erystallo~ 
graphic direction, for example (1x2) (1x3), seemed to be ereated by long 
exposure to ambient gases in vacuum and destroyed by heating. Further 
feeetestOn concerning the effect of gases will be covered later. 

The (2x1) ee was also observed by Cee in gold in vacuum: 
This was formed by vacuum anneal ai the gold after ion bombardment. 

g- Pt(i10) gas studies. If the Pt(100)-(&1) or (3X1) patterns which had 
been formed by vacuum anneal were exposed at room temperature to oxygen 

Or Carbon monoxide the extra spots immediately disappeared. ‘Tne rate of 
decay appeared to be a function of pressure. Due to the difficulty in 
making intensity measurements during oxygen exposure, kinetic data were 
attempted with carbon monoxide. 

The (2X1) structure was formed by flashing the sample (T > 1300°C) 
and the well developed (x1) was present when the sample cooled. Czramber 


g 


Meeswerre remained less than 5x10 wOrr CUY LNG Uiitce (ed sia e mC Ome 


ZometLea tO a constant pressure which was varied Tor each run. Upon the 
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admission of the gas the intensity of the extra spots dropped. The 
initial rate of change of intensity compared to the maximum value of the 


intensity was a function of the pressure of CO. The parameter 


Pemeie measure Of this initial rate. This parameter is plotted in Fig. 
ITI-3 as a function of pressure. 

The spot disappeared entirely in 10 seconds at a pressure of exio” ! 
torr carbon monoxide. This is a rather remarkable result as there appears 
femeeeno kinetics and the reaction probability of a gas incident upon the 
feeeeee 2 time T = 0 is 1.0. To determine if this effect may be due to 
gas impact phenomena, the experiment was repeated with Np: The nitrogen 
had no effect upon the pattern and there was no intensity decrease. It 


should be noted that the extremely rapid disappearance of the Pt(100)-(5x1) 


in oxygen at room temperature must be due to a similar reaction mechanism. 
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3. The (111) Face of Platinum 


On the Pt(111) face no surface structures were observed which were 
reproducible at will from sample to sample. The patterns reported were, 
however, distinct and clearly visible. 

a. Pt(i11)-(e<2) 2? This pattern was formed by long high temperature anneal 
in ultra high vacuum (T = 700°C for 75 hours or more). It has been assigned 
to a clean structure. The length of anneal, however, makes it possible 


that its formation be effected by the presence of some of the more reactive 


residual gases (H,0, Cor 0,)- The pressure was low during anneal 
iP = 50 7 torr. The structure is stable at high temperature 
0 x 0 
x 2 x > Q Platinum 
0 = 0 x Q ~ Extra features 
* sf x x 
0 x OO 


This structure was reproducible on one sample but could not be reformed 

ai cer the sample was removed, etched and replaced. 

b. Pt(111)-(3x3) 2? This pattern was formed in similar manner to thav 
above. The (2x2) appeared to be a precursor to the (3X3). Longer heating 


times or higher temperatures led to the formation of the (3x3) from the 


(2x2). 
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This pattern was formed by a room temperature exposure of the sample to 


eeyeen at a pressure of Py = xx107° torr for 32 minutes. The ion gauge 
Os 


Weemuurned Off during the first part of this experiment and had no effect 
upon the pattern when turned on. It was proposed by Tucker that the 
hot tungsten filament of the ionization gauge might be responsible for 


generating carbon monoxide which would destroy the O. pattern. After 


2 
the pattern was formed and became clearly visible the sample was flashed 
to 1100°C. The pattern disappeared completely and an O5 (m/e = 32) spec- 
trum in the mass spectrometer indicated two desorption peaks at 455°C 

and 658°C. The sample was ion-bombarded to generate the standard starting 


eondition but the (2x2) pattern never reformed. All types of conditions 


were imposed upon the sample but the pattern could not be duplicated. 


GQ. Ptllli)-Hydrogen, oxygen, nitrogen, methane ethylene and ammonia. 


Immediately after the Pt(111)~(2<2)0. study listed above was completed, 


2 
the Pt(i11) surface was exposed to many different gases. The mass spec- 
trometer was used in most of these studies. 

The gases used were O52 oy Ny CH) CoH), » and. ME The presence or 
these gases did not seem to give rise to "extra" diffraction features. 
The exposures were a@oproximately 50 micro torr sec. The experiments 
were carried out both at room temperature and at elevated temperatures. 


Except for oxygen exvosure of an unannealed sample (described above) no 





sone 
Se2ect upon the diffraction patterns were observed, either in overall 
intensity or in the formation of extra peaks. The specular intensities 
as a@ function of beam voltage showed no change due to Bas Coverage. 

There were no extra spots formed with the exposure of a freshly 
ion bombarded surface to oxygen. However there was a dramatic decrease 
in the intensity of the entire pattern when the unannealed surface was 
exposed with exposure to oxygen. If a freshly bombarded surface was 
annealed first then there was no decrease in intensity due to oxygen 
exposure. The results of this experiment are given in Fig. III-2. These 
Gata have been normalized to account for any change in incident bean 
intensity. 

This figure (III-'+) indicates that a layer of oxygen either does nov 
adsorb on an annealed platinum Gas) Sune Eee or thet a layer of oxygen does 
Mov attentuate the electron beam scattering. Flashing experiments indicated 
that oxygen was in fact adsorbed on the surface in all of these cases. 

The same desorption peaks as observed for the (&2) 0, pattern were ob- 
served in all of these cases where no extra spots were formed. The 
mechanism of erection is unknown but apparently the oxygen catalyzes 
ehiewmoLrion of a platinum atom out of an ordered position if the surface 
has already been disordered by previous ion bombardment. If the surface 
is ordered (long anneal) then oxygen has little effect upon the arrange- 


Ment of platinum surface atoms. 


4, High Temperature Ring Structures 


On all faces of platinum a high temperature anneal (T > 800°C) leads 


ZO the formation of a ring structure. Upon initial formation, the rings 
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are not complete circles and exhibit segments wnicn have le fold rovaci 


Symmetry. Further heating at the sare temperavure, or a higher tembera cure 
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Exposure to Oxygen (H -torr seconds) 
a)No anneal after bombardment 
b)No anneal after bombardment 
c)Anneal after bombardment 6 550° C for 1/ minutes 
d)Anneal after bombardment 500° C for 10 minutes 
e)Anneal after bombardment 900° C for 52 hours 


Fig.III-4+. Effect of oxygen exposure on Pt in specular reflection 
at 58 electron volts 
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heating causes the ring segments to coalesce into complete circles. 
The rings exhibit diffraction features like all the other diffrac~ 
tion patterns. This can be shown by the fact that the diffraction equation 


aS satisfied for all eV: 


= d sin (0 


ring “ring 


) 


If we calculate » by the equation 
= a 9 
Se ol sin( -, 


where qd, . is the real space inter-row spacing leading to the first order 
spot. We can derive the relationship 

dae sing >. 

ring _ ____(is) _ 

d 


ie a Vena) 


Peeerelalionship is independent of electron beam voltace. The results 
See ew experimental determination of this ratio for the three taces of 
Pt and for the second and third rings are given in Table III-J. 


The nearest neighbor distance (a) in platinum is (a, .) for the 


Hy 


@leeyeend (110) faces but not for the (111) face. For the (111) face 


_. & = ad . The data are corrected so that the tnree faces are 
is 2 nn 


Sigeeeenerred tO as din and these results are given in the second column 


Siecle Til—l. 

Mime ring formed on the face of every sample Suudzed. However on tre 
(110) face which was pretreated in oxygen the ring would not form until 
E@eer une Surirace was ion bombarded regardless of tne temperature of 

+ 


a] e . ® : °° . -7 
annealing. The rine then disavveered uvon flashing to 1250°C. I+ 
& a) ~ a ~ | Za 


reformed arter a weex et room temoerature in vacuum and was again removed 
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by flashing. This was the only time that the ring structure's character- 
istics were different. In all other cases the ring structure formed 
irreversibly and could only be removed by ion bombardment. 

The ring has been observed on Botiiae as well as Laos It appears 
that in both cases, the features are due to some surface structure which 
is out of registry with the lattice. The ring diffraction pattern becomes 
more dominant with heating and is extremely unreactive, i.e., could not 


be removed by heating (1000°C) in reactive gases (oxygen, hydrogen). 


FF. Concivcions 


The platinum surfaces show the existenee of reproducible ordered and 
disordered surface structures. The ordered structures have a periodicity 
which indicates that the surface unit mesh is an integral multiple of the 
bulk structure. The patterns of the ordered structures in general require 
some pretreatment to allow their formation. This treatment can either be 
ion bombardment and anneal or gas exposure to a Hist sample. 

These structures are much less sensitive to exposure to oxygen and 
carbon monoxide at room temperature than that observed for wicker’ On 
Pee cium. However, the rate of formation of some of the surface struc- 
tures at elevated temperatures or rates of decay at room temperature are 
very sensitive to oxygen or carbon monoxide partial pressures. Therefore, 
Gxyeen or carbon monoxide can either partake in or catalyze tne surfece 
reaction which causes the extra spots. Tne presence of a small concentra- 
tion of oxygen and hydrogen dissolved in platinum is also indicated by 
feewsensitivity of tne formation of some of the vatterms to the prior 


ifermal history of the sample. 
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The ambient background has been shown to have an effect upon these 
diffraction patterns. Flashing of the sample to high temperature s was 
found to be sufficient to remove the diffraction spots due to this mechanism. 

The effect of amorphous layers has been observed on the (111) face 
when a disordered face was exposed to oxygen. A high temperature anneal 
after bombardment completely removed any effect of this type of oxygen 
adsorption. 

These patterns differ from the earlier platinum en in “Cha tune 
cover an entirely different temperature range. The temperature ranges of 
stability of tne observed surface structures as reported in this work 
m90-1200 C) are very large compared with that reported in the earlicr 
work (~ 80°C). New patterns have been observed to exist which could not 
have been observed if the sample had been allowed to cool under a gas 
pressure instead of high vacuum. There is a correlation between the pro- 
perties of certain patterns, for example, Pt(100)-(5x1) and Pt(110)-(ex1). 

The ring-like diffraction patterns indicate that the surface forms 
an irreversible disordered layer when heated to high temperature in vacuum, 
This layer is stable, unreactive and in most cases removable only by ion 


bombardment. 





IV. ANALYSIS OF EXPERIMENTAL INTENSITY DATA 


A. General Considerations 


In this work two different types of intensity data were recorded. 
We have monitored the intensity of the specular (00)-reflection as a 
function of a) wavelength (beam voltage) and of b) temperature (Debye- 
Waller factor. The specular (00)-reflection was chosen for recording 
because it is most sensitive to the transition from two-dimensional 
Seeereaeo1On tO three-dimensional diffraction. The effect of lower planes 


on the scattered intensity is seen most dramatically at small angles of 


I. 


Mememence, The specular intensity in the only spot in the diffraction 
pattern which does not change its position on the screen as the beam 
Memrage 15 changed. To achieve this positional stability of the specular 
intensity (00-reflection) all electrostatic and magnetic fields must be 
removed from the diffraction region. This is accomplished by electrostatic 
screening, grcunding, and trimming magnets. To interpret this data we use 
an optical diffraction model and the working equations based on this model 
are derived nee naa A and B. The results of this derivation then are 
used to fit the experimental results. 

The theoretical analysis of LEED beam intensities is a suoject of 

, Ge 

preat interest at present. The recent dynamical calculations of McRee, 
eter, and Heames* are only the precursors €5 @ new and broader euelteaeaee 
times Tore general theoretical approach to low energy elecvron diriraccion 
feerrens. The dynamical scattering calculation considers the interaccion 
Smmeme electron wave with the crystel lattice in which nO Single Scactering 
event can be considered independent of tne others. 


‘ i , % tt ‘. 
In this work we use a pseudo-Kinematical approach to the interpre 
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of the data. Our model takes into acout only those scattering contribv- 
tions, in calculating the scattering amplitude and the intensity, which 
are necessary to obtain agreement with the experimental results. This is 


done for the sake of computational feasibility and physical insight. 


B. Beam Voltage Dependence of the Specitiar ivemona, 

The recording of the specular intensity (00 reflection) as a function 
of beam voltege (wavelength) has been accomplished for all three faces of 
platinum which were studied. Representative curves for the (100) face 
fewenwveen chosen to demonstrate the changes in the intensity as @ Tunetion 
of different variables because of the greater quantity of data acquired 
for this face. The time reauired to complete one recording (5 minutes) 


makes kinetic studies by this method difficult. 
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1. Comparison of the Specular Intensity Curves for the (100), (110), 
111) Faces of Platinum. The specular intensity as a function of beam 
vOltage has been recorded for the 3 faces of platinum ean The angle 
Suegattraction is shown in Table IV-1 for the respective face. Theseus oT. 
M@eeeecurves are plotted separately in Section C and compared wit calc 
Jated values. The recordings show the extreme differences that exist 


in the specular intensities scattered by the different crystal faces. 
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Zee BL Lect of Temperature Upon Specular Reflections. The recording 
of specular intensity as a function of temperature posed many experimental 

problems. The intensity which is back reflected varies as the beam is 
moved along the crystal surface. The heating current induces a motion 
into the beam which interferes with the measurement. A sample was prepared 
women gave uniform intensities independent of the position of the electron 
beam on the crystal face and the results plotted in Fig. IV-e are from 
that sample. The data were taken at the high temperature (618°K) first 
and then at decreasing temperatures. The loss of intensity ascribed to 
the Debye-Waller effect is seen clearly. The weaker peaks at 100 eV and 
350 eV are completely washed out while the stronger peaks continue to 
dominate. These recordings also were made on an angle of incidence of 
Bixee 

There is no discernable shift in the beam voltages where maxima 
occur due to thermal expansion. This is to be expected as the published 
thermal expansion for platinum would predict a nee of less than one 


Vem or this temperature range. 
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3- Specular Intensity Compared to Background Intensity. In 
Figure IV-3 the specular intensity of the (100) face at an angle of in- 
cidence of 2.6° is shown. The background recording was made under identical 
conditions merely by rotating the specular reflection off of the phosphor 
screen and into the collimator tube (@ = 0°). 

The maxima observed in the background spectra at 65 eV is not an 
Optical reflection from the specular spot but is a property of the back- 
ground. However, this maxima is centered symmetrically around the specular 
a) 


reflection and demonstrates the properties of thermal diffuse scattering. 


The background intensity is observed to rise with increasing beam voltage. 
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more data were accumulated certain features of the specular intensity 
showed differing properties, yet the measurements were made using "clean" 
surfaces. The disagreement in curves 1 and 2 of Fig. IV-4 between 500 
and 400 volts cannot be explained at present. Curve 2 was made after 
curve 1 and the only differing condition was that the sample had been 
heated to 618°C in UHV between the two recordings. Similar effects have 
been noted on Pd by Berean It is apparent that the characterization of 
a surface requires not only the existence of spots in the pattern but a 


reproducible specular intensity. 
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5. Other Observations. There was no change observed in the (100) 
specular intensity recordings during deliberate exposure at room tempera- 
Gomes tO CO and 05° No extra spots were formed during this treatment. 

This was done to attempt to correlate the loss of fractional order 
dafiraction spot intensities observed on tungsten by May and Senneree to 
those observed on platinum. No similar effect was noted on platinum. 

Wgemexastence of extra diffraction features yg. 4) yee Pt(100)-(5x1) 


apa Pt ring structures did not introduce major changes in the specular 


intensity curves. 
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C. Comparison of Peper iments wie Pseudo-Kinematical Theory 

The equation derived in Appendix A for the Specular intensivy 
scattered by equivalent set of planes (A-4) as a function of beam voltage 
has been applied to all three faces of platinum. These curves have been 
observed experimentally and the calculations were done using parameters 
which as close as possible duplicate the experimental condition. The 
iiement beam intensity Jo is given by the experimentally determined 
relationship 
\e 


Jo & (eV) + 0.170 (eV 


which takes into account the change of the emission current as a function 
of beam voltage. To allow for the beam voltage dependence of the pene- 


tration, the amplitude transmission factor T was given by the relationship 


2 2 
Tey) = To + SxeV 


in whieh S is the change in Tr due to the change =n Wolves ewan Lo was 
Pmmmeeatily set to zero so that there is nO penetration at zero voltace, 

Table IV-lL gives the equation and the parameters used in these cal- 
culations for each of the three faces. In Fig. IV-5, IV-6, and IV-7 we 
have plotted the experimental and calculated curves for the (100), (110), 
and (111) faces. The calculated curves give a good fit to the experimental 
@apespredicting the position of the observed diffraction maxima. 

The magnitude of the intensity maxima, however, cannot be calculated 
accurately by the pseudo-xinenatical theory. If @ye could be a rapidly 
Mmi@enrvating quantity then this parameter could explain some of the 


Geeoerepency. 
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to pseudo-kinematical calculations 
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Fig. Iv-6. t(110) specular intensity recording compared 
to pseudo-kinematical calculations 
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V. TEMPERATURE DEPENDENCE OF THE SPRECULAR INTENSITY 
(DEB YE cee EFFECT) 


A, Experimental Results 


The measurement of the temperature dependence of the Specular euetlec= 
tion was carried out by simultaneous recording of the temperature and 
specular intensity. This was described briefly in Section LioA. [sede 
background intensity which was also recorded was independent of tempera- 
ture within our experimental accuracy. The difference between these two 
recordings, the specular intensity and the background intensity, was taken 
Geybe the diffraction spot intensity (I aire? See Section II.A.7). Plots 
ow Tyas Gs an ee vs TC resulted in straight lines (Fig. V-1). ‘The slopes 
@rechese lines, A log iby ee have been measured and recorded as a parameter 


ie where 





The values recorded for this parameter are listed in Table V-l. MThis is 
a useful Mice which can be related to the Debye temperature. The 
derivation in Appendix B resulted in an equation (B-13) for the amplitude 
of the diffraction maxima (a). The intensity is proportional to BF aie 


moeeiven by, 


of = ies 


Gy) 


Converting to base ten logarithms and determining the temperature deriva- 


tive of the log of intensity gives a result which can be used in whe 


a 
U'@ 


calculation of an effective Debye 
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Fig. V-l. Specular intensity of platinum Acue eumeewan 


= ae 
or tempera 





~89 - 


TABLE V-L. DATA 
cos @ = 1.0 


TT AO en er eg sion 
I I TE PA SY ce pening Ee ig La 


(111) Face 


ee i i 


104 


Aver-_.__ 


age 


HOS 


6 


6 


eB = Beam Voltage 














eB = 55 eB = 65 #£eB = 175 eB = 195 eB 

993 Weg (te 

985 10 650 

813 1062 1072 

1355 690 875 

800 810 838 

900 870 Lae. 

1160 610 TAS 

995 785 S17 

(110) Face 
eB v ep T 
25 2260 525 290 
fe 713 PRS, (Re 
425 472 18 3300 
215 4Oo 66 1380 
66 708 215 605 
17.5 1565 bes Sei 
(100) Face 
eB T eB e 

21 1930 150 1040 
67 176 elle 700 











SCeu 





d log, 1 - 
ee 
D 


The definition of T allows the experimental data to be converted directly 


into effective Debye temperature, os 


o = +/,341 X ev XT 


The Debye temperatures calculated in this manner are shown in Fig. 
V-2. The values of the effective Debye temperature are a function of the 


beam voltage converging to the bulk value at high electron energies. 


B. Analysis of Results 


A formula for the Debye Waller effect is derived. This result is 
used in Appendix A to derive an equation which calculates the specular 
intensity of a diffraction pattern. With reference to Eq. (A~3) we can 


Simplify in such a manner that 


ho an aa : {8 + on} * (V-1) 
OF ie 
where M is a complex number equal to 
+ i[2(kD + ¢) 
Mo exp a(n) | it 2 exp ife(e + 9)] ia 


1-49 exp ifk(kD + £)) 


for a major intensity maxima, i.e., those predicted from 3D kinematic 


theory, @Dk = Nen and | a4| can be estimated as 


1+ 
1-9 


Im] = (V-3) 
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For large penetration (high energy) T—-1 and |M| becomes much larger 


than unity so that 
Tey (ee oveee (v-4) 
O O 


For zero penetration (low energy) T—>O and 


ane 
tS t)| ee (V-5) 


We would expect the temperature effect on the intensity (Debye-Waller 
factor) to be a measure of bulk properties as the energy is increased. 

At low voltages we should expect an effective Debye temperature composed 
of a mixture of surface and bulk components. At lowest electron energies 
oy approaches the true surface Debye temperature. A model which takes 

into account the fractional contributions of the surface and bulk atoms 

to the experimentally observed o. may also be used to determine the surface 
Debye temperature. The use of such a model can be very important since 

at low electron energies the on value is very sensitive to the inner 


potential value used in the calculation. Im Eq. (B-13) of the Appendix, 


iaiemterm, eV, is given by 


eV = beam voltage + inner potential 


Changing the inner potential or neglecting it entirely makes very little 


difference in the calculated ?.. at high electron energy but at low energy 


D 
the corrections become appreciable. 
The factors listed in Table V-2 are inner potential correction 


factors. Multiply the Debye temperature, “py? calculated without inner 


potential correction, to correct for the presence of an inner potential 
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i/e 
” eB + eip 
a ae Ge (v-6) 
ene (no inner potential) 
eB = beam voltage 
elp = inner potential 
TABLE V-2 
eip 
10 20 40 
PROF ila O02 1.04 Ho (Cial 
200" 1.0 Oe 105 slew Ol" 
eb © 150M ne 1.03 aL (le 1.10 
NOLO Tae 6, 120s iL. Wo Ls 
01 E60) 1.09 leas: 26 


The best fit of the data at high energies appears to be with 
eip = 0.0. Therefore, the data in Fig. V-2 has been presented without 


any inner potential corrections. 





eOl= 
C. Discussion 


it is obvious that the electron energy determines the penetration 
of the electron into the lattice. At lower energies the beam penetrates 
less distance into the lattice allowing us to sample the properties of 
the surface atoms. The effective Debye temperature for low voltages is 
then more closely related to the surface value. 

A difference in the experimental values of the bulk and surface 
Debye temperatures is expected as a result of theoretical calculations. 
Clark, Herman and eae have shown that the effect of creating a free 
surface on the atoms in a single crystal is to soften the potential about 
the surface atoms. This leads to a larger amplitude of oscillation and 
a lower Debye temperature. 

From the measured effective Debye-Waller factors the effective 
Debye temperatures can be calculated. The effect of the inner potential 
correction on the experimental data has been discussed. The model which 
is introduced in Appendix A can also be used to calculate the surface 
Debye Beatin. Both the extrapolation of the experimental determination 
and the calculations using our model indicate that the surface Debye 
temperature is 110°K + 10°K, This leads to an amplitude of oscillation 


(y2)1/2 which 1s approximately twice the bulk value. 
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VI. CONCLUSIONS 


A. <A low energy electron diffraction study of the low index faces 
[(100), (110) and (111)] of platinum single crystalshas been carried out. 
The temperature range of investigation was 25°C to 1300°C. These surfaces 
were investigated in ultra high vacuum and in the presence of different 
gases. several ordered surface structures were detected on all three 
faces of platinum which formed as-a function of temperature under the 
different ambient conditions. 

A high temperature anneal of platinum may lead to the irreversible 
formation of an unreactive disordered surface structure which gives rise 
vO ring-like diffraction patterns. 

B. The atoms on the surface of a crystal have a thermal vibration 
of greater amplitude than the atoms in the bulk. This was determined 
from the temperature dependence of the specular electron beam intensity 
(Debye-Waller factor), The amplitude of oscillation Bee can be related 
to the Debye temperature of the surface. The experimental value for the 
surface Debye temperature is 110°C, or approximately one-half the bulk 
value. This value appears to be roughly the same for the three faces 
studied. 

C. The specular intensity of a platinum diffraction pattern has 
been measured as a function of beam voltage. Several properties or these 
curves which were obtained for the (100), (110), (111) faces could be 


explained using a pseudo-kinematical description of electron scattering. 
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Appendix A 
Tk CALCULATION OF THE BEAM VOLTAGE DEPENDENCE 
OF SPECULAR INTENSITY 


A. Purpose 


The derivation contained in Appendices A and B are carried out to 
analyse the experimental curves obtained from studies of the beam voltage 
and temperature dependence of the specularly reflected beam Jie Snisaikeae 
The specular intensity of a beam of electrons reflected from a gives 
crystal has an unexpected dependence upon the beam voltage. Strong maxima 
and minima, occur which are reproducible, are a function of sample tempera- 
ture and depend upon angle of incidence. This particular derivation of 
a.) results in a computer solution in complex space and the final result 
1s achieved by a magnitude determination of a complex sum. In this manner 
the formulation allows atomic planes which have properties differing from 
the bulk or each other to be treated individually. Scattering from planes 
with bulk properties are treated by convergence relationships. The cal- 
culations then allow scattering by an infinite crystal. We consider planes 
of atoms and specify that the results are only valid for the specular in- 


Pememoy aL normal incidence. 


B. Approximations Used in tne Pseudo-Kineratical Theory 


ite Intensity Independent Attenuations 


The electron beam is attenuated by two mechanisms in general as it 
travels through the lattice. These attenuation mechanisms are assumed to 


be independent of the intensity of the electron beam but depend only upon 


aos energy. 





e. Collective Phenomena 

One of these attenuation mechanisms is the interaction of the elec- 
tron beam with the lattice. This can most generally be due to electron- 
electron interactions (band transitions), electron-phonon interactions. 
and electron-plasmon interactions. These mechanisms can be taken into 
account by the use of an absorption coefficient, uw, where the amplitude 
of the incident beem is reduced by a factor = after the beam has traveled 
a certain distance, x, in the lattice. The attenuation due to this 


mechanism is only a functim of the energy of the beam and the distance 


that the beam has traveled in the lattice. 


3. Amplitude Transmission Factor 

The second of the attenuation mechanisms is due to the interaction 
of the electron with a single atom. This is the effect of the atomic 
scattering factor upon the complex amplitude. It may include elastic as 
well as inelastic mecnanisms. 

mien conditions for a diffraction maxima an the 2) Ssluriace meryare 
satisfied then the factors fio). fr) can be considered as "planar ampli- 
tude absorption factors" and multiple scattering effects in plane can be 


miemided in the calculation of these two factors. 


4. Multivle Scattering 

The effect of multiple scattering other than in-plane multiple scat- 
tering events are exluded (see Fig. A-l ). The between plane resonances 
Peere excluded by consideration of the other events. B, C, and D as well 
as all other combinations have been neglected for the sake of computational 


pamolicity. It is the consideration of these very events which makes 


the dynamical approach necessary. 
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C. Derivation 


meander” has applied Dea” solution of scattering by a one dimen- 
etonal lattice to LEED calculations. The results of this derivation ied 


to the equation for the amplitude scattered into the specular intensity as 


= Alt | (A-1) 


1-1" exp i(2Dk + 2g) 


where 
AG is the amplitude of the incident beam 
fy is the atomic scattering factor for the plane 
T can be expressed as tne product of two factors. 
These two factors refer to the attenuation due 
to adsorption during the transit by tne electron 


of the distance D which is exo-(uD) and the other 


is the intensity scattered in the forward direction 
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which may undergo a decrease in amplitude and a 
phase shift represented by BY ; exp(ig) 
Tr 
eDk is the wavelength sensitive term which is equal 


to (An /d) cos 0 where 0 is the angle of incidence. 


The derivation has required T and f. to be identical for all atomic planes 


0 
and has disregarded all Debye-Waller factors. If we assume that for all 
planes but the first plane we have a Debye-Waller factor, ae = og then the 
contribution from these planes would be a times Eq. (A-1). The Debye-Waller 
mee~or for the surface plane is different from that for an atom in & bulk 
plane. The effect of the surface plane is to attenuate the scattering by 


the bulk planes by ia exp(2¢) and to add a tema B exp -i(2Dk) into the 


erescsion for the total scattered amplitude, 


a Boers 


2 
ofo 8 exp -i(2Dk) + ____aT” exp (2g) (A-2) 


1-1° exp i(2Dk+2¢) 


O72 : 
Since the scattered intensity is |v | , we multiply Eq. (A-2) by the 


complex conjugate of the phase factor to obtain, 


2 ; 
y : ae B + ails Gx 2Bigga 25) Gide. 


1-7° exp i(2Dk + 2¢) 


D. Considering a Set of Interpenetrating Latvuices 
Assume that the electron beam is scattered mainly in the forward 


direction. Then the penetrating beam is scattered by atoms which are in 
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equivalent positions in the different atomic planes as shown in Table 


TI-V and Fig. A-2. 


Fig. A-2 


For the (100) face of Pt, under these conditions the equivalent atoms 
Meemoituated in every second atomic plane, 2D apart. As a simplificavion 
which limits us to small angles of incidence, we can treat the lattice in 
this manner. This way for each equivalent set of atoms (1 and 2) we have 
Paminidependent problem which can be added fo calculate the properties of 
the total beam. Noting that in this particular case, if we let w equal the 


amplitude from one set alone then we can write our equations as 
| = + 7 
YD ¥ + ¥% 


At this point we notice that the thermal factor @ 1s the same for the 
entire second set. , is equal to Eq. (ee ae v, can be written as Eq. Ce 


feetipiied by the phase Tractor exp i(2pDk). We have used the spacing be- 


lanes as 2D. The phase factor arises fom) UlSs agiis 7-1. 
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D in spacing between the two equivalent sets of planes. In the final form 
the equation for the (100) face and (110) face is 

fa 

1 Se exp i fe(xp + )| 


B +a exp i(2Dk) 5 = 
1-f exp ifi(xp + 5} 


(A-1) 


For the (13) face a modification is made for the three equivalent sets of 


the fee lattice in the same manner. 
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Appendix B 
The Calculation of the Debye-Waller Effect 
im tne Debye-Waller Factor for a Single Plane of Aion 

In this section the Debye-Waller factor will be derived in a form 
not usually encountered. This specific form is required for use in the 
intensity calculations derived in Appendix A and the analysis of data in 
Section V. The results are consistent with other more tradivional 
derivations and are nothing more than a special application. The 
necessity of this specific method will be apparent later on in the 
application of the formula to real problems. 

The assumptions for this derivation start with a two dimensional 
lattice plane which is placed perpendicular to the incident electron bean. 
This is the same as in Appendix A where we only consider two special 
Cases of forward and backward scattering. We treat the atoms in the 
plane and look at the effect of thermal disorder upon the intensity 
(Debye-Waller effect). 

ne meen of each atom in this plane can be given by the vector 


femaeton from an arbitrary reierence. 
set) = r.. 7 wee, (B-1) 


The criteria that tnese atoms lie in the same plane can be satisfied by 


the equation, 


mes “a 
m - ae x 
Fae N= b (B-2) 
= 4S ‘ > a = 
or ray Nf = b since (5 (PT)? p74; (B- 3) 


where N is the unit vector normal to the plane and b is a constant. 





ESitoue= 


The bracket notation will refer to an average value over the independent 
parameter listed as a subscript to the bracket. It is assumed that the 
time scale of the electron scattering event: is short compared to the 
period of the lattice vibrations. Figure B-1 shows the time in seconds 


required for an electron of energy (eV) to travel 10A calculated from 
m 


woe equation T = 10 nee ‘ 

Mherefore, the effect of the thermal yibrations is toy imtroducoean en. 
ness in the positions of the atoms. Equation (B-1) then gives the posi- 
tion of the ith, jth atom during the scattering event at time T. 

amas effect can be visualized by locking at the relarionchi pie 


scattering from a displaced atom as compared to its equilibrium position. 


me 





= 
The diffraction equations are calculated for the atom at position aie 


[emerrect of the thermal oscillation is to introduce a phase diiterenece 


Q eaual to; 
4 » 3 | x 1) 
= k mee. (T) - k e “iG (T) (B- 
Ng | a 
= ee u, (2) where Ak = 2k cos 0 


For our derivation we are arbitrarily measuring the specular intensity 
which fixes the form of Ak. 

The amplitude then for each atom ij collected at the specular intensity 
meee ben 


ee . = — ° > i 
W _ ee i a 
ee vein Fr exp i(Ak r5,) exp i(Ak u, (+) (B-5) 


Since we are only looking at the specular intensity the term 
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e — ~~ ° 
exp i(AR - Ps) is the same for all atoms ij. This can be factored 
from the summation and which is now the term a in Appendix A. The problem 


mato. evaluate 


f f : (ak + U 6 
sg = Ty, aoe i(Ak us, (2)) (B-6) 


° = —_ —a 
Which picks off the component of u, 5 (2) parallel to Ak. Ak is per- 
Menaicular to the surface for the specular reflection so we can write 
—\ ees sgh 
Ak * u; (2) as Ak u, (7). The ergodic hypothesis allows us to rewrite 


Eq. (B-5) as 
x x 
i eeChei=s > (See Aku, ,(T) = N exp aA CU) (B-7) 
ig : 
@aiS 1S nothing more than saying the atomic ensemble average under 
eematibrium conditions is equal to N times the time average of a@ singile 


atom. 


If we let idk or =i(p Te 


then a well known relationship 31, 32 states that, 
( = 
exp i (p)_ = exp - {ph (B-8) 
au 2 
We have the result that 
ta, = Na exp ae Cain (B-9) 
O ij 2 tT 7 
La 
where Ak =—— cos @ 
r 
and 
2 26 2 
% SE 
G.= exp= Crmeosms « U in (B-10) 
Na 


ne tern Cu >a has been evaluated in the high temperature limit of the 


Debye node of tne Vavuuce ec 








? 
BER Nk ii} 
<u> = FE ; —— Gea 





7 em fecos 6\% ¢ 
Oe 8 XD ge a ae (B-12) 
. 6g 
(@,.) 
and for platinum in more useable terms as, 
a, =exp- .3917 LS (B-13) 
65) 


[150.1 ch is often 


where we have used the relationship that X = \ eV : 


defined in the literature as 


where 2M is the so-called Debye-Waller factor. 

The derivation of the amplitude Debye-Waller factor was carried out 
for one plane because of the properties of the lattice. The motivation 
Meemerovided by theoretical calculations carried ouy by Clark, Herman, 
Mreiyallis.°° The perpendicular component of oscillation <ur> has been 
calculated and the results of CHW are shown in Fig. B-e. These results 
are from a nearest-neighbor calculation. The squared amplitude of 
oscillation differs for the surface plane only and that is about twice 
the bulk value. The surface value appears to be roughly the same regard- 
jess of face. For this reason we have considered that the only plane to 
be different is the surface plane. The factor ror tne surface plane in 
Appendix A is called (8) and for all bulk planes (a). The difference 


lies in the effective Debye temperature, Eq. (B-12). 





Time in seconds 








Fig. B-l. 
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Fig. B-2. Mean-square oscillation (u’) of atoms in units 
Kt/a as a function of plane number. 
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